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A neutron-scattering study of nonsuperconducting La22xSrxCaCu2O6 (x50 and 0.2!, a bilayer copper oxide
without CuO chains, has revealed an unexpected tetragonal-to-orthorhombic transition with a doping depen-
dent transition temperature. The predominant structural modification below the transition is an in-plane shift of
the apical oxygen. In the doped sample, the orthorhombic superstructure is strongly disordered, and a glassy
state involving both magnetic and structural degrees of freedom develops at low temperature. The spin corre-
lations are commensurate.
DOI: 10.1103/PhysRevB.65.220507 PACS number~s!: 74.25.Jb, 61.12.2q, 74.25.Ha, 74.72.DnThe interplay between ordering phenomena of charge,
spin, and lattice degrees of freedom has been a focus of
recent research on high-temperature superconductors. Most
of the work has thus far concentrated on two systems:
La22xSrxCuO4 ~LSCO! and YBa2Cu3O61x ~YBCO!. In both
systems, spin freezing phenomena1–6 as well as magnetic
and structural superlattice formation7–10 have been observed.
The relationship between these effects, some of which were
attributed to charge ordering, and anomalies detected by
spectroscopic probes ~such as the pseudogap and phonon
anomalies! is currently an area of very active investigation.
As only two compounds have been studied in detail, it has
proven difficult to disentangle aspects that are generic to the
cuprates from those that are consequences of some nonge-
neric element of the lattice structure of a specific compound.
Such elements include the CuO chains in YBCO, and soft
optical phonons associated with tilting of the CuO6 octahe-
dra in LSCO. For instance, charge carriers in the YBCO
chains are prone to localization and charge order and may
induce related instabilities in the CuO2 planes. Tilt instabili-
ties of the CuO6 octahedra, on the other hand, are known to
be an important stabilizing factor for static ‘‘stripe’’ order in
LSCO and its derivatives.7
In order to further explore the universality of the struc-
tural and electronic instabilities in the cuprates, we have car-
ried out a neutron-scattering study of La22xSrxCaCu2O6
~LSCCO!, a compound that crystallizes in a bilayer structure
akin to YBCO, but without any electronically active element
other than the CuO2 layers ~inset in Fig. 2!.11–13 Further, tilt
instabilities of the kind observed in LSCO are not expected
in LSCCO because of the fivefold, pyramidal coordination of
copper. LSCCO has thus been termed the simplest bilayer
cuprate.11 We report the discovery of an unexpected low-
temperature tetragonal-to-orthorhombic transition in un-
doped and doped LSCCO. In the doped sample, the ortho-
rhombic superstructure does not develop long-range order,
and the magnetic and structural correlations evolve with tem-0163-1829/2002/65~22!/220507~4!/$20.00 65 2205perature in a strikingly parallel manner. Despite the large
nominal hole concentration ~0.1 holes per Cu!, the spin cor-
relations are commensurate.
Single crystals of La22xSrxCaCu2O6 were grown by the
traveling-solvent floating zone method under 1 atm oxygen
flow. Most of the measurements were taken on an x50.2
single crystal of volume 33333 mm3, which is insulating
at low temperature, although a metallic behavior of the re-
sistivity is observed at high temperature. ~For reasons that
are poorly understood at present, superconductivity occurs
only in samples treated under high oxygen pressure.! The
neutron experiments were carried out on the four-circle dif-
fractometer E5 at the BER II reactor of the Hahn-Meitner-
Institut in Berlin, Germany, and on the triple axis spectrom-
eter IN22 at the Institut Laue-Langevin in Grenoble, France.
The former instrument was used to acquire a catalog of
Bragg intensities for an accurate refinement of the crystal
structure, while the latter instrument allowed us to measure
the temperature dependences of selected structural and mag-
netic reflections with good statistics. On E5, neutron wave-
lengths of 0.889 Å or 2.36 Å were selected by a copper or
a pyrolytic graphite ~PG! monochromator, respectively, and
the data were collected with a two-dimensional position sen-
sitive 3He detector. On IN22 the ~002! reflection of PG, set
for a neutron wavelength of 2.36 Å, was used as both mono-
chromator and analyzer, and in order to avoid second-order
contamination a PG filter was inserted into the incident
beam. In order to optimize the intensity, the instrument was
used in a focusing mode without collimations.
Two data sets with a total of 623 ~259 unique! and 791
~256 unique! reflections were collected on E5 at room tem-
perature and 10 K, respectively. Excellent structure refine-
ments of the room-temperature data could be obtained using
the tetragonal space group I4/mmm . The resulting lattice pa-
rameters, atomic coordinates, and isotropic temperature fac-
tors are listed in Table I and are in good agreement with
those of previous reports;11–13 further details will be reported©2002 The American Physical Society07-1
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C. ULRICH et al. PHYSICAL REVIEW B 65 220507~R!TABLE I. Positional parameters of La1.8Sr0.2CaCu2O6 at 10 K and 295 K from single-crystal neutron
diffraction. For the refinements of the 10 K data the occupancies of the atoms were taken from refinements
of the tetragonal structure and were not allowed to vary. La/Sr and Ca are partially exchanged, and by taking
the different multiplicities of the Wyckoff positions into account we obtain the formula @(La/Sr)1.81Ca0.19#
3@Ca0.83(La/Sr)0.17#Cu2O6. Because the ionic radii of La31 and Sr21 are similar, we expect a La:Sr ratio of
9:1 on each position.
Atom x y z Biso @Å2# Pop
at 295 K I4/mmm a5b53.7974(4) Å, c519.3138(19) Å
La/Sr 4e 0 0 0.17600~9! 0.58~4! 0.90~3!
Ca 4e 0 0 0.17600 0.58 0.10~3!
Ca 2a 0 0 0 0.61~8! 0.83~3!
La/Sr 2a 0 0 0 0.61 0.17~3!
Cu 4e 0 0 0.41447~9! 0.56~3! 1.0
O1 8g 0.25 0.25 0.08203~8! 0.82~5! 1.000~14!
O2 4e 0 0 0.29639~14! 1.86~9! 1.012~17!
at 10 K Bmab a5b55.3621(5) Å, c519.2436(19) Å
La/Sr 8 f 0 20.0009(3) 0.17575~11! 0.42~4! 0.90
Ca 8 f 0 20.0009 0.17575 0.42 0.10
Ca 4a 0 0 0 0.50~9! 0.83
La/Sr 4a 0 0 0 0.50 0.17
Cu 8 f 0 0.0002~3! 0.41474~11! 0.47~5! 1.00
O1 8g 0.25 0.25 0.0831~4! 0.65~7! 1.00
O1’ 8g 0.25 0.25 0.9183~4! 0.65~7! 1.00
O2 8 f 0 0.0094~5! 0.29634~17! 1.42~9! 1.01elsewhere. At 10 K, however, weak additional ~and hitherto
unobserved! reflections were found, as shown in Fig. 1.
Since their intensity increases with increasing momentum
transfer Q, these reflections must be attributed to a structural
modulation. Their temperature dependence @Fig. 2~b!# shows
that the superstructure develops around 100 K, with diffuse
scattering persisting to somewhat higher temperatures.
The superstructure reflections can be indexed as
(h/2, k/2, l) with h, k odd and l even but Þ0, indicating a
doubling of the unit cell. From these conditions, the ortho-
rhombic space group Bmab ~No. 64, standard setting
Cmca) with lattice dimensions aA23bA23c can be de-
duced. The momentum resolution of our experiment was not
sufficient to resolve the small difference between a and b,
and for simplicity we continue to use the I4/mmm indexing
for the remainder of this paper. The atomic coordinates re-
sulting from a refinement of the low-temperature data are
also given in Table I. The primary difference between the
I4/mmm and Bmab structures is a shift of the apical oxygen
along the tetragonal ~110! direction by ;0.05 Å.
The single-layer sister compound LSCO also undergoes a
transition from a high-temperature tetragonal (I4/mmm) to a
low-temperature orthorhombic (Bmab) structure,2 but this
transition occurs at a much higher temperature and is com-
monly believed to be due to steric effects: a mismatch be-
tween the natural lattice spacings of the ~La/Sr!O and CuO2
layers is thought to be relieved through a staggered tilt of the
CuO6 octahedra ~which involves motions of both in-plane
and apical oxygen atoms!. In LSCCO, on the other hand, the
coordination of copper is fivefold ~inset in Fig. 2! and the
displacement pattern ~Table I! involves almost exclusively22050the apical oxygen. The origin of the tetragonal-to-
orthorhombic transition in LSCCO thus merits some consid-
eration, and as a resistivity minimum occurs for LSCCO
samples in this doping range around the same temperature at
which the superstructure reflections first appear,14 one may
wonder whether the transition could be a consequence of
charge localization.
In order to explore this possibility, we have carried out a
neutron-diffraction study of a Sr-free La2CaCu2O6 ~LCCO!
powder. Although as-prepared LCCO contains a small den-
sity of excess oxygen, its resistivity is much larger ~and the
charge carrier concentration therefore lower! than in LSCCO
with x50.2.14 The experiment was carried out on the 3T2
powder diffractometer at the Laboratoire Le´on Brillouin in
Saclay, France, with a neutron wavelength of 1.2252 Å.
While the room-temperature data were consistent with pre-
vious work,11–13 additional weak structural reflections obey-
ing the same extinction rules as for the x50.2 compound
were again observed at lower temperature @Fig. 2~a!#. The
displacement of the apical oxygen is significantly larger than
for x50.2, and the structural transition temperature (170
620 K) is higher.
These data demonstrate the presence of an intrinsic struc-
tural instability even without charge carriers, and the en-
hanced transition temperature in LCCO suggests that the
doped carriers suppress the structural phase transition. This
is confirmed by considering the widths of the corresponding
reflections that are strongly broadened in the x50.2 sample
@Fig. 2~c!#. At low temperature we infer correlation lengths
of about ten lattice parameters both in plane and out of plane.
Further, the correlation length decreases rapidly as the tem-7-2
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energy fluctuations of the corresponding order parameter
~that is, the apical oxygen displacement!. This result con-
trasts sharply with the situation in LSCO. While doping-
induced local structural defects have been reported,15 the
orthorhombic superstructure remains long-range ordered
even in highly doped LSCO. The structural data of Fig. 2~c!
are in fact reminiscent of the rapid evolution of the magnetic
correlation length with doping and temperature in under-
doped LSCO.2
With this correspondence in mind, we now turn to the
magnetic properties of LSCCO. In addition to the ortho-
rhombic superstructure reflections discussed above, Fig. 1
shows that some intensity develops at low temperature
around the antiferromagnetic positions Q5(1/2, 1/2, l)
with l odd. In contrast to the structural reflections, this inten-
sity is only observed at low Q and can hence be identified as
magnetic. It also exhibits a sinusoidal intensity modulation
as a function of l that extinguishes the l50 reflection. A
similar modulation is observed in antiferromagnetic YBCO
and is known to arise from antiferromagnetic interlayer ex-
change within a bilayer unit.16 The integrated intensity of a
structurally forbidden but magnetically allowed reflection,
~1/2, 1/2, 3!, is shown in Fig. 3~b! as a function of tempera-
ture. Its onset temperature (;90 K) is identical to the struc-
tural transition temperature @Fig. 2~b!# to within the experi-
mental error.17 The magnetic correlation length is somewhat
shorter than that of the orthorhombic superstructure at low
temperatures but shows a similar evolution with temperature.
As noted above, this behavior of the magnetic correlation
FIG. 1. Elastic scans along Q5(0.5, 0.5, l) and (1.5, 1.5, l) at
1.6 K and 150 K in the doped La1.8Sr0.2CaCu2O6 single crystal,
showing superstructure reflections at (h/2, k/2, l). The wave vec-
tor Q is given in reciprocal lattice units ~rlu! based on the lattice
parameters of Table I. The intensity for odd l decreases with in-
creasing Q and is thus of magnetic origin. The intensity for even
values of l increases with increasing Q and is thus predominantly of
structural origin. Diffraction peaks originating from the Al sample
holder are marked.22050length is characteristic of underdoped LSCO, where the elec-
tronic spins are known to freeze out gradually and a spin
glass state develops at low temperatures.1–5 Upon lowering
the temperature, manifestations of magnetic ordering thus
appear progressively in neutron scattering and muon spin
rotation (mSR) measurements ~which are sensitive to fluc-
tuations on meV and meV energy scales, respectively!. In
order to complete the description of the microscopic mag-
netic properties of LSCCO, we have carried out zero-field
mSR measurements on the same LSCCO sample studied by
neutrons. The experiment was performed at the GPS spec-
trometer at the Paul-Scherrer-Institute, Switzerland; typical
data are shown in the inset of Fig. 3. A gradual onset of
FIG. 2. ~a! Integrated intensity of the orthorhombic superstruc-
ture reflection ~3/2, 3/2, 4! of the undoped La2CaCu2O6 powder
sample and b! of the doped La1.8Sr0.2CaCu2O6 single crystal as a
function of temperature. Panel c shows the temperature dependence
of the intrinsic full width at half maximum ~FWHM! of the ~3/2,
3/2, 4! peak measured along (h , h , 0) in the doped compound. The
lines are guides to the eye. The inset displays the unit cell at T
5295 K. The CuO5 pyramids are highlighted. ~The Cu atoms at
the center of the pyramid base are not shown for clarity.!7-3
RAPID COMMUNICATIONS
C. ULRICH et al. PHYSICAL REVIEW B 65 220507~R!muon spin relaxation by slow electronic spin fluctuations is
observed upon cooling below 100 K, consistent with the on-
set of antiferromagnetic diffuse scattering in the neutron ex-
periment @Fig. 3~b!#. However, a precession signal heralding
magnetic order that is static on the energy scale set by the
FIG. 3. ~a! Temperature dependence of the zero-field mSR
Lamor frequencies measured in the La1.8Sr0.2CaCu2O6 single crys-
tal. The two distinct frequencies indicate two inequivalent muon
sites. The inset displays the asymmetry versus time spectrum for
two different temperatures above and below the magnetic ordering
temperature. The lines are guides to the eye. ~b! Temperature de-
pendence of the integrated intensity of the ~1/2, 1/2, 3! reflection
measured by neutron scattering.22050muon Larmor frequency only appears at the much lower
temperature of 10 K @Fig. 3~a!#. A magnetic anomaly previ-
ously found around 10 K in this doping regime14,18,19 can
hence be identified as a spin-glass transition. Although the
temperature scale is somewhat larger as compared to LSCO,
our neutron scattering and mSR data on LSCCO underscore
the universality of the spin freezing phenomena for the cu-
prates.
In summary, we have reported a detailed neutron-
scattering study of the LSCCO system. The magnetically dis-
ordered state we have uncovered is common to the under-
doped cuprates. However, the spin correlations found in
LSCCO are commensurate, whereas incommensurate spin
correlations are observed in LSCO at comparable Sr
concentrations.7,8 This may either indicate an effective dop-
ing level much lower than that suggested by the Sr concen-
tration, or it may be a consequence of bilayer interactions;
indeed, commensurate quasielastic spin correlations have
also been reported in underdoped YBCO.9,10 Another impor-
tant feature of the data presented here is the strongly disor-
dered orthorhombic superstructure in the doped sample.
While the substitutional disorder on the La/Ca sites ~Table I!
may play some role, the broadening originating from such
factors is expected to be temperature independent. The par-
allel temperature evolution of the magnetic and structural
order parameters and correlation lengths suggests that struc-
tural relaxation of doped holes is the predominant factor in-
hibiting long-range order of both magnetic and lattice de-
grees of freedom. The comparison with LSCO is also
interesting in this context. LSCCO undergoes its structural
transition at a temperature that roughly coincides with the
localization of the doped holes, so that structural disorder
created by localized holes can effectively frustrate the devel-
opment of long-range order. Charge localization in LSCO, on
the other hand, takes place at a temperature at which the
orthorhombic superstructure is already well developed,
which may explain why the structural manifestations of
charge localization are more subtle in that system.15
As these considerations show, the full implications of our
data are yet to be clarified. It is already clear, however, that
the characterization of magnetic and lattice superstructures
for a lattice type different from those of LSCO and YBCO
constitutes an important step in an ongoing effort to develop
a comprehensive description of the interplay between spin,
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